Hibernomas are benign tumors with morphological features resembling brown fat. They consistently display cytogenetic rearrangements, typically translocations, involving chromosome band 11q13. Here we demonstrate that these aberrations are associated with concomitant deletions of AIP and MEN1, tumor suppressor genes that are located 3 Mb apart and that underlie the hereditary syndromes pituitary adenoma predisposition and multiple endocrine neoplasia type I. MEN1 and AIP displayed a low expression in hibernomas whereas the expression of genes up-regulated in brown fat-PPARA, PPARG, PPARGC1A, and UCP1-was high. Thus, loss of MEN1 and AIP is likely to be pathogenetically essential for hibernoma development. Simultaneous loss of two tumor suppressor genes has not previously been shown to result from a neoplasia-associated translocation. Furthermore, in contrast to the prevailing assumption that benign tumors harbor relatively few genetic aberrations, the present analyses demonstrate that a considerable number of chromosome breaks are involved in the pathogenesis of hibernoma.
soft tissue tumor | lipoma | adipocytic tumor | adipose tissue | SNP array H ibernoma is a benign neoplasm with morphological features highly similar to brown adipose tissue (BAT) (1) . In contrast to white adipose tissue (WAT), which stores energy, BAT enables energy from oxidized lipids to dissipate as heat. This ability is dependent on the expression of uncoupling protein 1 (UCP1), a mitochondrial proton transporter that uncouples electron transport from ATP production. Morphological similarities between BAT and hibernoma include a typical yellow to brown appearance partially as a result of their rich vascularization (1) . Microscopically, the BAT/hibernoma cells show a multivacuolated cytoplasm, numerous mitochondria, and a centrally located nucleus. Intermingled with the brown fat cells of hibernoma are varying proportions of mature, univacuolated white adipocytes with a peripherally located nucleus. The percentage of white adipocytes can be high and tumors with only small clusters of brown fat are referred to as lipoma-like. To avoid misdiagnosing hibernomas as ordinary lipomas or, more importantly, liposarcomas, clinical and morphological data can be complemented by cytogenetic analysis. The presence of translocations affecting 11q13 with few or no other aberrations is a karyotypic signature of hibernoma. FISH analysis has indicated that these rearrangements are more complex than expected from the karyotypes (2). Both hemi-and homozygous deletions have been described in the affected region, although so far without conclusive results regarding the target gene(s) (3) . In the present study, we wished to determine the genetic pathways associated with hibernoma development.
Results
Fifteen hibernomas were available for genetic analyses (clinical information is presented in Table S1 and representative morphological features are shown in Fig. S1 ). Chromosome banding had been performed in eight of the cases and rearrangement of 11q13, or the neighboring 11q21 band, was found in all of them (Table S1 ). Genomic copy numbers were analyzed using SNP arrays and deletions in 11q13 were detected in all but one of the 15 cases (Table S2) . Apart from these deletions, few or no other aberrations were identified. One additional recurrent deletion was detected in 14q11 in two cases, both of which presented translocations involving this chromosome band. Also included in the SNP analyses were normal blood DNA samples from four of the patients with hibernoma; none of them displayed the aberrations detected in the corresponding tumor samples (Table S2) . Deletions in 11q13 primarily clustered around the regions covering MEN1 and AIP (Fig.  1, Fig. S2 , and Table S2 ). Losses of these genes were confirmed by multiplex ligation-dependent probe amplification (MLPA) analysis (Fig. S3) . Using this technique, the tumor lacking alterations by SNP array (case 2) also displayed loss of MEN1 and AIP. Furthermore, FISH analysis on metaphase spreads from short-term cultured tumor cells could be performed in five cases (cases 1, 3, 6, 7, and 15). This technique confirmed the SNP array findings for MEN1 in three cases and for AIP in two cases (Table 1 and Fig. 1 ). In the remaining cases, the results from SNP array and FISH analyses were discrepant. When SNP array data were interpreted as showing hemizygous loss of the genes, FISH analysis displayed homozygous deletion of AIP in three cases and of MEN1 in one case. This is likely explained by the fact that when tumor cells are mixed with stromal cells FISH analysis is more accurate than the corresponding SNP array. In case 7, homozygous deletion of MEN1 was detected by SNP array but could not be confirmed by FISH, as the homozygous deletion was too small to be detected by the fosmid clone used for the FISH analyses.
To map further the deletions associated with translocations affecting chromosome band 11q13 in hibernomas, FISH was performed in case 1 using 18 different fosmid clones ( Fig. 2A) . This analysis revealed complex translocation and deletion events that could be explained only partly by the t(11;17;12)(q13;q12; p13) detected at banding analysis. Both the der(12) and the der (17) chromosomes displayed genetic material from band 11q13, the der(11) chromosome had at least two interstitial deletions, and the karyotypically normal chromosome 11 was rearranged with loss of a segment greater than 3 Mb. Combined, the rearrangements and deletions must have involved at least 11 different chromosome breaks. Two of the breakpoints were cloned by using long-range PCR (Fig. 2B) . One break was located in intron 1 of MEN1 and the other was positioned 180 kb upstream of this gene. Thus, exon 1 of MEN1 was homozygously lost also in this case. In summary, the whole or parts of MEN1 and AIP were homozygously deleted in 10 and six of 15 cases, respectively. One case showed normal copy number of AIP and in the remaining cases at least one of the alleles of both genes was deleted (Table 1 ). In all cases in which homozygous losses of MEN1 and/or AIP could not be confirmed, the coding regions of the genes were sequenced without detecting any mutations.
Transcriptional effects of the genomic losses were assessed in all but one of the hibernomas by using global gene expression analysis. As references, 22 lipomas, three WAT, and two skeletal muscle (SM) samples were included. The expression of all genes located in the 3 Mb region in 11q13 to which the deletions clustered was extracted from the gene expression data set (Fig. 3A) . This included 132 genes from NRXN2 in 11q13.1 to ALDH3B2 in 11q13.2 (genomic position 64.13-67.20 Mb). Thirteen genes ; Dataset S1 and Fig.  3A ). Four of these-MEN1, EHD1, AIP, and CDK2AP2-were located in regions affected by homozygous deletions. To evaluate if these four genes were differentially expressed in white compared with brown fat, gene expression signatures from mouse white and brown preadipocytes were downloaded from the Gene Expression Omnibus (GEO) public database (accession no. GSE7032) (4) . Although the expression of EHD1 was significantly lower in brown preadipocytes compared with white preadipocytes (P < 3.7 × 10 −4
; Dataset S1), this was not the case for MEN1, AIP, and CDK2AP2. Although little is known about CDK2AP2, this gene is an unlikely target for deletion because activation rather than loss of function of cyclin-dependent kinases is associated with tumor development (5) . The low transcript levels of MEN1 and AIP in hibernoma compared with lipoma and WAT were confirmed by real-time quantitative PCR (RT-qPCR; Fig. 3B ). Both genes had a lower expression in all hibernoma samples compared with the controls (P < 0.001). As there was no difference in gene expression levels between cases with hemi-and homozygous deletion of the genes, the detected expression likely derives from contaminating normal cells. Furthermore, as brown adipocytes may be derived from a progenitor cell expressing myoblast markers, the transcript levels of MEN1 and AIP were also evaluated in SM samples (6) . In this tissue, the genes showed an expression similar to the levels in lipoma and WAT (Fig. 3B) . Genes highly expressed in brown fat-PPARA, PPARG, PPARGC1A, and UCP1-all showed a high expression in hibernoma compared with lipoma and WAT (P < 3.7 × 10 −4 ; Dataset S1).
Discussion
Hibernomas typically present balanced translocations between chromosome band 11q13 and a variety of partner chromosomes (1) . Often, it is the sole cytogenetic change. Here, we show by whole-genome DNA copy number and global gene expression profiling as well as directed molecular and FISH analyses that the translocations are associated with deletion and transcriptional down-regulation of the MEN1 and AIP genes. The genes are situated in 11q13 3 Mb apart, with several seemingly unaffected genes located in between. Among the 15 tumors investigated, homozygous losses of MEN1 and AIP were detected in 10 and six cases, respectively. Of these, two cases showed homozygous loss of only part of MEN1; the remaining tumors showed loss of the entire loci. In all but one of the remaining cases, at least one of the alleles of both genes was deleted. As shown here in the cases in which FISH analyses were possible, normal cell contamination and cryptic losses may have prevented the detection of homozygous deletions in these cases. This can explain why no mutations were identified when the coding regions of MEN1 and AIP were sequenced. There was no difference in MEN1 and AIP expression levels between cases with confirmed homozygous losses and those with seemingly hemizygous deletions, suggesting that both homologues of the genes were targeted by deletion or otherwise silenced in the latter group as well. As the deletions were not continuous and usually homozygous, the rearrangements must have involved several events and included the homologue not involved in translocation. This is supported by the detailed FISH analysis of case 1. Although this case displayed a seemingly balanced three-way translocation involving chromosomes 11, 12, and 17 as the sole cytogenetic change, FISH analysis showed complex rearrangements of chromosome 11 as well as the derivative chromosomes 12 and 17. Genetic material from 11q13 was detected on all four chromosomes and 11 chromosome breaks could be identified. Two of the breakpoints were cloned revealing loss of MEN1 exon 1, which had not been detected by any of the other methods used. Based mostly on cytogenetic information, benign tumors are believed to harbor relatively simple genetic aberrations. The present analyses of hibernoma show that benign tumors also may harbor very complex rearrangements. Furthermore, the large number of breakpoints as well as the variation in both centromeric and telomeric borders argue against the involvement of specific, break-prone sequences in the origin of the deletions affecting MEN1 and AIP.
Balanced cytogenetic abnormalities classically result in increased expression of a gene in one of the breakpoints or in the creation of a chimeric gene (7) . Sometimes these gene fusions display alternating partners. However, in hibernoma, the breakpoints in 11q13 are scattered over a 10-Mb region, and the translocations affecting chromosome 11 consistently involve different partner chromosomes. Combined, these findings do not support the formation of a gene fusion. The genomic aberrations instead result in recurrent deletions of two nonadjacent tumor suppressors, and such targeting del, deletion affecting at least one allele; Hemi, hemizygous; Homo, homozygous; NA, not analyzed. *The resolution of the techniques as well as the consequence of normal cell contamination differs between SNP array, MLPA and FISH analyses, explaining the discrepancies in classifying deletions as homo-or hemizygous. † In case 1, a homozygous deletion of MEN1 was detected by break-point cloning (Fig. 2) . ‡ The genomic SNP array analysis showed a normal profile in case 2, likely as a result of normal cell contamination.
of two separate loci by seemingly balanced translocations has not been described before to our knowledge. The alterations are likely to be pathogenetically essential as the rearrangements of 11q13 are cytogenetic hallmarks of hibernoma and in all investigated cases result in losses and transcriptional down-regulation of MEN1 and AIP.
The two target genes encode well known tumor suppressors involved in hereditary tumor-predisposing syndromes. Mutations in AIP are responsible for the familial disease pituitary adenoma predisposition. The encoded protein (aryl hydrocarbon receptor interacting protein) affects the subcellular localization of the transcription factor aryl hydrocarbon receptor and is also known to interact with other proteins discussed later. Menin, the protein product of MEN1, is located primarily in the nucleus and interacts with proteins involved in transcriptional regulation and the control of genome stability (8) . Constitutional mutations in MEN1 are the cause of the hereditary syndrome multiple endocrine neoplasia type I (MEN1). In addition to endocrine tumors, patients with MEN1 syndrome have displayed lipomas (or hibernomas) with subsequent loss of the WT MEN1 allele (9, 10). The exact incidence of benign adipose tumors in patients with MEN1, or for that matter in the general population, is not known, as these neoplasms are painless and slow-growing and do not always require treatment. There are, however, reports suggesting that lipomatous tumors are overrepresented in this syndrome (9, 11) .
Through protein interactions, menin and AIP can be directly connected to pathways of vital importance for brown fat development. AIP is believed to function as a repressor of peroxisome proliferator-activated receptor (PPAR)-α and menin was recently shown to interact with PPAR-γ (12, 13) . The latter protein is highly expressed in both brown and white adipocytes. In brown adipocytes, PPAR-γ interacts with the PPAR-γ coactivator 1-α (PPARGC1A) to induce UCP1 (14) . Expression of PPAR-α is preferentially found in brown adipocytes and may be rate-limiting for brown adipogenesis (15) . This protein also interacts with PPARGC1A to coactivate the transcription of UCP1 (16) . In line with this, PPARA, PPARG, PPARGC1A, and particularly UCP1 all showed a high expression in hibernoma compared with lipoma and WAT. Thus, it is plausible that elimination of menin and AIP contributes to the transformation of hibernoma precursor cells by directing the gene expression profile toward a brown adipocytic phenotype, resulting in the induction of UCP1. An explanation for the dual targeting of MEN1 and AIP may be that PPAR-γ and PPAR-α act synergistically to achieve large differences in UCP1 expression, as previously Fig. 2 . Mapping of chromosomal rearrangements and cloning of genomic breakpoints. (A) FISH analysis of case 1 using 18 fosmid clones detected genetic material from 11q13 on the der(12) and der(17) chromosomes, as well as loss of 11q13 material from both homologues of chromosome 11 [denoted der(11) and der(11), respectively]. The FISH analysis confirmed the deletion pattern detected by SNP array analysis, with the exception of three fosmid clones (in italics). Combined, the translocations and deletions affecting the four derivative chromosomes must have required at least 11 different chromosome breaks. Two of the breakpoints on the der(11) chromosome (indicated by the box) were cloned by using long-range PCR. The forward and reverse primers were positioned in the retained regions on opposite sides of the deletion at 64 Mb. (B) The amplified approximate 10 kb product (lane 2) was sequenced using these primers and the ends of the fragment corresponded to the expected regions. Sequencing analyses using two primers located in MEN1 showed a fusion of nt 64,334,328 in MEN1 intron 1 to nt 64,508,940 (National Center for Biotechnology Information build 36, hg18), resulting in homozygous loss of MEN1 exon 1 in this case. No amplification products were detected in PCR reactions using normal DNA as template (lane 3) or without DNA (lane 4). Lane 1 represents a 1-kb ladder.
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PNAS | December 7, 2010 | vol. 107 | no. 49 | 21125 MEDICAL SCIENCES suggested (17) . As displayed in Fig. S1 , high protein levels of UCP1 are characteristic for multivacuolated hibernoma cells. Unfortunately, there are no established hibernoma cell lines available, precluding studies in this cell type regarding the aforementioned interactions and molecular effects. In support of the importance of the PPAR proteins are the findings that the adipose tissue of rats treated with PPAR-α/γ agonists display morphologic changes highly similar to the features associated with hibernoma (18) . The number of adipocytes is increased in both WAT and BAT following such treatment, and this is often associated with lobular formation of the tissues. A lobulated growth pattern is also found in hibernoma (1) . Histological alterations after PPAR-α/γ agonist treatment include primarily microvacuolation of the white adipocytes and macrovacuolation of the brown adipocytes, features characteristic of hibernoma cells (19) .
Materials and Methods
Tumor Samples and Chromosome Banding. Biopsy specimens from 15 hibernomas were included in the study, and clinical information is available in Table S1 . Fresh tumor samples had been processed for G-banding analysis in eight of the cases. Karyotypes of cases 1 through 6 have been published before (2, (20) (21) (22) .
DNA and RNA Extraction. DNA and RNA were extracted from fresh frozen tumor biopsies using the DNeasy Tissue Kit including the optional RNaseH treatment and the RNeasy lipid tissue kit, according to the manufacturer's instructions (Qiagen). Quality and concentration of the extracted material were measured by using a 2100 Bioanalyzer (Agilent Technologies) and NanoDrop ND-1000 (Thermo Fisher Scientific).
Whole-Genome DNA Copy Number Analysis. Global DNA copy number analyses were performed using SNP array analysis. Tumor DNA was hybridized onto Illumina Human 1M-Duo v3.0 BeadChip (cases [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and Illumina Human Omni-Quad BeadChip (case 15; Illumina), following standard protocols supplied by the manufacturer. DNA from normal blood and the corresponding tumor samples were analyzed in cases 1, 2, 4, and 6 by using the Human CNV370-Quad v3.0 BeadChip. Data analysis was done by using BeadStudio software (Illumina). SNP array data are available in GEO under accession number GSE19040.
MLPA. Deletions of the MEN1 and AIP genes were investigated by MLPA with use of the SALSA MLPA kit P244 AIP-MEN1 according to the manufacturer's instructions (MRC-Holland). Normal blood DNA from cases 1, 2, 4, and 6 were used as controls for normal copy number. The data were intranormalized by dividing the peak area/height of each fragment by the total area/height of only the reference probes, excluding reference probes located in 11q13. Subsequently, this intranormalized probe ratio in each sample was divided by the average intranormalized probe ratio of all reference samples.
FISH. FISH on metaphase chromosomes was used to investigate deletions of MEN1 and AIP in cases 1, 3, 6, 7, and 15. For this purpose, fosmid clones G248P85370G9 (covering MEN1) and G248P800865E10 (covering AIP) were used (BACPAC Resources Center). In case 1, translocation and deletion breakpoints in 11q13 were investigated by using fosmid clones presented in Fig. 2 (BACPAC Resources Center). Abnormal cells were identified by whole chromosome paint probes specific for chromosomes 11 and 17 (Vysis). FISH was performed as described previously (23) .
Cloning of Genomic Breakpoints. Long-range PCR using the primer pair 5′-AAATGCAGCCCAATTTCATC (forward) and 5′-CAGCCTCCTTCCCTCTTCTT (reverse) was performed according to the manufacturer's instructions (Qiagen). The amplified fragment was sequenced using the aforementioned primers as well as the primers 5′-ACCCCCTTCTCGAGGATAGA and 5′-CCAGGGTCCGC-TAAGGTT.
Genomic Sequencing of MEN1 and AIP. The coding regions of MEN1 and AIP were amplified by using primers presented in Table S3 . PCR amplification of AIP was performed as described (24) , and PCR protocols for both genes are available upon request. Sequencing was done by Molecular Cloning Laboratories, and data analysis was performed by using Mutation Surveyor software (SoftGenetics).
Global Gene Expression Profiling. Global gene expression analyses using Affymetrix Human Gene 1.0 ST Arrays were performed in all cases except case 3, according to the manufacturer's instructions (Affymetrix). As controls, RNA from 22 lipomas, three WAT samples [part AM7956 (Applied Biosystems), lot 7120146 (Clontech Laboratories), lot A608327 (BioChain Institute)], and three SM samples (lots 8062503A and 7080016; Clontech Laboratories) were included. Gene expression signatures from mouse white and brown preadipocytes were downloaded from GEO under accession number GSE7032 (4) . Expression data were normalized, background-corrected, and summarized by using the RMA algorithm implemented in the Affymetrix Expression Console version 1.0 software.
RT-qPCR Analysis. The relative expressions of MEN1 (Hs00365720_m1) and AIP (Hs00610222_m1) were investigated in all cases except cases 3 and 15 using RT-qPCR and the TaqMan Gene Expression Assays (Applied Biosystems). Also included in the analysis were six of the lipoma, WAT, and SM samples used as controls in the global gene expression analysis. As an endogenous control, the expression level of TBP (part 4333769T) was quantified in all samples and calculations were done using the comparative C T method (i.e., ΔΔCT Fig. 3 . Expression analysis of genes located in 11q13. (A) The 3-Mb region in 11q13 to which the deletions clustered-comprising the deletion hotspots around MEN1 and AIP and the region in between-harbors 132 genes, 13 of which displayed a significantly lower expression level in hibernomas compared with lipomas and WAT (Mann-Whitney U test, Bonferroni corrected P < 3.7 × 10 −4 , Dataset S1). Of these, MEN1, EHD1, AIP, and CDK2AP2 are located in regions affected by homozygous deletions. (B) RT-qPCR confirmed the significantly lower levels of MEN1 and AIP in hibernomas compared with lipomas and WAT (Mann-Whitney U test, P < 0.001). SM showed similar expression levels for these genes as lipomas and WAT. Error bars indicate ranges. method). All reactions were performed in triplicate and assayed on a 7500 real-time PCR system (Applied Biosystems). The rationale for using TBP as endogenous control was its uniform expression in all samples at global gene expression analysis (Table S4) .
Protein Detection. Four-micrometer sections were cut from formalin-fixed, paraffin-embedded blocks and dried at 60°C for 1 h. After dewaxing and rehydration, the sections were treated with 10 mM citrate buffer in a microwave oven for 10 min for antigen retrieval. The immunohistochemical staining with rabbit anti-UCP1 (anti-UCP-1 U6382, 1:500; Sigma-Aldrich) was performed in an automated immunostainer (Autostainer plus; Dako) by using the biotin-streptavidin-peroxidase method with diaminobenzidine as the chromogen (REAL Detection System, peroxidase/DAB+, rabbit/mouse; Dako). Mayer hematoxylin was used for counterstaining.
Statistical Analyses. Statistical analyses were done using the Mann-Whitney U test, with the P values adjusted for multiple testing by Bonferroni correction.
